Accumulating evidence points to inflammation as a promoter of carcinogenesis. MyD88 is an adaptor molecule in TLR and IL-1R signaling that was recently implicated in tumorigenesis through proinflammatory mechanisms. Here we have shown that MyD88 is also required in a cell-autonomous fashion for RAS-mediated carcinogenesis in mice in vivo and for MAPK activation and transformation in vitro. Mechanistically, MyD88 bound to the key MAPK, Erk, and prevented its inactivation by its phosphatase, MKP3, thereby amplifying the activation of the canonical RAS pathway. The relevance of this mechanism to human neoplasia was suggested by the finding that MyD88 was overexpressed and interacted with activated Erk in primary human cancer tissues. Collectively, these results show that in addition to its role in inflammation, MyD88 plays what we believe to be a crucial direct role in RAS signaling, cell-cycle control, and cell transformation.
Introduction
In order to insure detection of a broad variety of pathogens, the innate immune system has evolved a strategy to recognize a limited number of conserved microbial features termed pathogenassociated microbial patterns (PAMPs). PAMPs are shared by members of particular classes of microbes and are recognized by evolutionarily conserved pattern-recognition receptors (PRR). An extensively studied family of PRR is the TLR family (1) .
TLRs, which lack catalytic domains, are connected to the cellsignaling machinery via intracellular adaptor molecules. The first such adaptor molecule to be discovered was MyD88. In addition to its C-terminal Toll/IL-1R interacting resistance (TIR) domain, MyD88 has an N-terminal death domain (DD), which recruits downstream signaling molecules (2) . IL-1 is another key inflammatory mediator that utilizes MyD88 for its signaling.
Inflammation is recognized as a promoter of carcinogenesis (3) , and recent studies point to a role for MyD88 in the protumorigenic inflammatory response. For instance, RakoffNahoum and Medzhitov have crossed MyD88-deficient mice to APC min/+ mice, which carry a germ-line mutation in the tumor suppressor gene Apc, and showed that absence of MyD88 in this model resulted in a decrease in the number of polyps in the small intestine and in the colon, associated with substantially increased survival (4) . A number of inflammation-related genes were shown to be decreased in these mice, prompting the authors to conclude that MyD88 signaling downstream of members of the TLR and IL-1R family has a critical role in intestinal tumorigenesis (4) . Using 2 distinct chemical carcinogenesis models (DMBA/TPA and MCA), Swann et al. (5) confirmed the role of MyD88 in inflammation-induced carcinogenesis. Interestingly, the authors discussed the possibility that MyD88 may act intrinsically to facilitate fibroblast and epithelial cell transformation (5). Here we show that in addition to its role in inflammation, MyD88 indeed plays a cell-autonomous role in Ras-mediated transformation via its interaction with the canonical MAPK Erk.
Results and Discussion
To investigate the molecular mechanisms through which MyD88 mediates tumorigenic signaling, we subjected WT and MyD88 -/-mice to a 2-stage, RAS-dependent skin carcinogenesis protocol using 7,12-dimethylbenz(a)anthracene (DMBA) as an initiator and 12-O-tetradecanoylphorbol 13-acetate (TPA) as a promoter (6) . Less than 5% of MyD88 -/-mice developed tumors in response to DMBA/TPA treatment, whereas virtually all WT mice developed skin papillomas by the end of the treatment period (Figure 1A and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI42771DS1). This resistance was found not to be solely due to an absence of IL-1 proinflammatory signaling, since IL-1R -/-mice, while less susceptible than WT mice to tumor induction, did readily develop skin tumors in response to DMBA/TPA ( Figure 1A ). Collectively, these data suggested other, noninflammatory functions for MyD88 in RAS-mediated tumor development.
To address whether MyD88 acts in a cell-autonomous fashion, we generated mouse embryonic fibroblasts (MEF) from WT and MyD88 -/-mice. MyD88 -/-MEFs were resistant to cell transformation by DMBA/TPA in vitro, as assessed by the focus formation assay (Supplemental Figure 2) . MyD88 -/-MEFs were similarly resistant to transformation after transfection with Ras V12 /Myc ( Figure  1B and Supplemental Figure 2 ). This resistance was not due to a general defect in transformation, since MyD88 -/-MEFs are readily transformed with SV40 T antigen (7), suggesting a selective role for MyD88 in Ras signaling and transformation. We therefore asked whether MyD88 is involved in the canonical Ras/MAPK signaling pathway. While neither p38 nor Akt phosphorylation was affected by absence of MyD88 (Supplemental Figure 3) , Erk MAPK phosphorylation was substantially reduced in MyD88-deficient MEFs Figure 1C ). We then retrovirally transduced MyD88 -/-MEFs with MyD88. As shown in Supplemental Figure 4 , the expression levels of MyD88 in reconstituted MyD88 -/-MEFs were comparable to those of WT MEF. Treatment of these cells with FGF resulted in Erk phosphorylation in WT MEFs and MyD88-reconstituted MyD88 -/-MEFs to a similar extent (Supplemental Figure 4) , confirming that the defect in Ras/MAPK signaling in the MyD88 -/-MEFs is solely due to absence of MyD88.
Recently, Loiarro et al. (8) identified the IRAK interaction motif in MyD88 (E52) and showed that a mutant (E52A) MyD88 is unable to interact with IRAK and to activate NF-κB. To ascertain that the role of MyD88 in Ras/MAPK activation is not limited to an autocrine production of NF-κB-dependent factors, we tested the ability of a MyD88-E52A mutant construct to activate the NF-κB or the Ras/Erk/Elk pathways. We showed that whereas MyD88-E52A completely lost the ability to activate NF-κB, it retained to a large extent its ability to activate the Ras/Erk/Elk pathway ( Figure 1D ). Interestingly, the fact that MyD88-E52A is less efficient than WT MyD88 in activating this pathway suggests that NF-κB-dependent factors also contribute to cell activation via MyD88.
Having shown that MyD88 is required for tumor initiation both in vitro and in vivo, we wondered whether it is also required for the maintenance of the transformed phenotype in established tumor cell lines. The human melanoma cell line A375 carries, and is dependent on, an activating mutation in the BRAF gene (9) . A375 cells thus have a constitutively active MAPK pathway and therefore exhibit a continuously phosphorylated form of Erk (9) . Treatment with siRNA against MyD88 decreased the levels of phosphorylated Erk ( Figure 1E ). This decreased Erk phosphorylation was accompanied by decreased proliferation, as assessed by BrdU incorporation ( Figure 1F ). This reduction was accompanied by a decrease in the number of cells in the S phase and an accumulation in the G 0 /G 1 phase, suggesting a block at the G 1 /S transition of the cell cycle ( Figure  1G ). This block is accompanied by a reduction in the expression of cyclins E and A, but not of cyclin D (Figure 1H ), indicating a role for MyD88 in the regulation of proteins controlling the passage through the G 1 /S checkpoint in human cancer cells. This is compatible with previous studies showing that blocking the canonical Ras signaling pathway - and therefore MAPK activation - in thyroid, melanoma, and hepatocellular carcinoma cell lines led to a similar block in the G 1 phase of the cell cycle (10) (11) (12) .
We confirmed the effects of MyD88 inactivation on cell proliferation with several established human cancer cell lines. The lung adenocarcinoma cell lines H358, H1975, and A549, and the colon cancer line CaCo2 all exhibited reduced proliferation upon treatment with MyD88-specific siRNA (Supplemental Figure 5) .
Erk-interacting proteins such as the MAPK kinases MEK1/2 interact with Erk via a conserved (K/R) 1-3 -X 1-5 -φXφ motif called D domain, where φ is a hydrophobic residue, typically Leu, Ile, Val, or Met (13) . Interestingly, the MyD88 protein sequence contains such a motif (RRRLSLFL, aa 30-37) in its death domain that has been conserved throughout evolution (Supplemental Figure 6) , suggesting a possible physical interaction between the 2 proteins. Indeed, as shown in Figure  2A , WT MyD88 (Flag-MyD88 WT), but not MyD88, where the arginines in the putative docking motif were changed into methionines (Flag-MyD88 R/M), coprecipitates with Erk. Interestingly, MyD88 did not interact with MEK under the same immunoprecipitation conditions ( Figure 2B ). Importantly, using the highly sensitive in situ proximity ligation assay (14) , we show a time-dependent interaction between endogenous MyD88 and p-Erk upon activation of the Ras pathway ( Figure 2C and Supplemental Figure 7) .
To investigate the mechanistic basis of MyD88 participation in Erk activation, we hypothesized that MyD88 could interfere with MKP3-mediated Erk dephosphorylation. Indeed, MKP3, which is the major Erk-specific phosphatase involved in functional Erk downregulation, also binds to Erk via the same conserved D domain present in MyD88 (13) . As shown in Figure 2D , MyD88 is capable of preventing MKP3-mediated Erk dephosphorylation, presumably through steric competition, thus maintaining Erk in an active, phosphorylated state. One could conversely expect that in absence of MyD88, MKP3 would have an easier access to p-Erk after activation. Indeed, MKP3 downregulation by RNA interference in MyD88 -/-MEFs led to the restoration of full Erk phosphorylation ( Figure 2E) . Collectively, these results show that the reciprocal regulation of Erk phosphorylation by MyD88 and MKP3 may represent one way of regulating the canonical Ras/MAP kinase pathway.
Signaling molecules are activated to exert their biological effects either by posttranslational modifications (e.g., phosphorylation, ubiquitination, etc.) or via an increase in their protein levels. We investigated the consequences of MyD88 overexpression on the canonical MAPK pathway. Supplemental Figure 8 shows that in HeLa cells cultured in the presence of serum, MyD88 enhances MEK/Erk-dependent transcription of Elk-1 - which is presumably driven by growth factors present in the culture medium and/or by oncogenes that are active in the cell line - while the MyD88 mutant that cannot interact with Erk (MyD88 R/M) is unable to increase the activation of the canonical Ras/MAPK pathway, indicating that enhanced Erk activation by MyD88 is dependent on the physical interaction between the 2 proteins. Since, as shown above, MyD88 overexpression leads to a robust activation of the canonical Ras pathway, we asked whether MyD88 overexpression can lead to cell transformation. We cotransfected WT or mutant MyD88 with Myc in NIH-3T3 cells, selected for transfected cells with antibiotics, and looked for transformation.
As can be seen in Figure 3 , MyD88 induces, in association with Myc, morphological transformation and focus formation in NIH-3T3 cells. Importantly, the MyD88 mutant that is unable to interact with Erk (MyD88 R/M), but not that which is unable to interact with IRAK (MyD88-E52A), lost the ability to participate in cell transformation, demonstrating that MyD88 has a cell-autonomous role in transformation through its interaction with Erk, and not through the TLR/IL-1R cell-signaling pathway.
We then examined the expression of MyD88 in human primary cancer tissues. In tumor sections from cancer patients, we found that MyD88, which exhibited a faint, cytoplasmic staining in peritumoral epithelial cells, was highly overexpressed in stomach (n = 5), colon (n = 5), and lung (n = 5) cancerous tissue in situ (Supplemental Figure 9) . A heterogeneous overexpression of MyD88 was also observed in papillomas from DMBA/TPA-treated WT mice (Supplemental Figure 10) . Since, as shown above, MyD88 is involved in Erk activation and cell transformation, we asked whether MyD88 and p-Erk interact in cancer cells in situ. Indeed, using the proximity ligation assay, we showed interactions between MyD88 and p-Erk in primary human cancer tissue (Figure 3, D-F) , but not in adjacent normal peritumoral epithelium ( Figure 3C ). Previous reports showed that MyD88 is necessary for the protumorigenic inflammatory response (4, 5) . In this study we have demonstrated what we believe is a novel, cell-autonomous role for MyD88 in cell transformation through its interaction with Erk and its involvement in its activation. Overall, our data are compatible with a scenario whereby in response to growth factors or oncogenic signaling, Erk is phosphorylated then rapidly dephosphorylated by MKP3. MyD88 binds to p-Erk via its D domain, thereby preventing the p-Erk-MKP3 interaction via the same motif and maintaining Erk in an active, phosphorylated state for a longer period of time. At the same time, MyD88 allows the activation of NF-κB by soluble mediators (e.g., IL-1), leading to the activation of further inflammatory and mitogenic signals. This combination of MyD88-dependent signals leads to enhanced cell activation, proliferation, and eventually, transformation. (Supplemental Figure 11) . This enhanced activation is likely to be due to prolonged baseline Erk phosphorylation resulting from decreased dephosphorylation. However, this may not be the only mechanism at work. It is indeed conceivable that MyD88 overexpression could induce, through an as-yet-undetermined mechanism, a quantitatively more potent activation of Erk, which would contribute to the ability of overexpressed MyD88 to induce Erk-dependent cell transformation. Further elucidation of the multiple facets of MyD88 activity, in particular at the interface between inflammation and cell transformation, should yield a clearer understanding of the converging signaling pathways that ultimately lead to cancer development. Transformation assays. MEFs were transfected with Ha-Ras v12 (Upstate) and c-Myc (a gift from J. Vlach, Schering-Plough, Kenilworth, New Jersey, USA), or an empty vector. 24 hours later, cells were plated, allowed to grow for 21 days, fixed, and stained with crystal violet. NIH 3T3 fibroblasts were transfected with Myc and either empty vector, MyD88 WT, MyD88 R/M, or MyD88-E52A, selected with G418, and allowed to grow for 21 days.
Methods

Mice. Eight-week-old C57BL/6 (Charles River
MAPK activation assay. MEFs were starved overnight, then treated with FGF8b (R&D Systems). Erk phosphorylation and total Erk were evaluated by Western blot using anti-p-Erk (Sigma-Aldrich) and anti-Erk (Cell Signaling) antibodies, respectively.
Proximity ligation assay. Cells were stimulated with 10% serum for 5 and 10 minutes, fixed with 4% PFA, and permeabilized and blocked with 0.3% saponin, 10% BSA in PBS. Cells were then incubated with primary antibodies to MyD88 (Assay Designs) and p-ERK (Sigma-Aldrich), then with the appropriate, DNA-linked secondary antibodies, analyzed with the Duolink assay according to the manufacturer's instructions. The same protocol was applied to histological tumor sections.
MKP3/MyD88 functional competition. Cells were transfected with pMKP-3-Myc (2 μg) and/or pCMV-flag and/or pCMV-MyD88-flag (1 μg). 24 hours after transfection, cells were starved for 20 hours followed by incubation with 30% FCS for 3 minutes. Cells were lysed and immunoblotted with the following antibodies: anti-p-ERK and anti-Erk (Cell Signaling Technology), anti-Flag (Sigma-Aldrich), and anti-Myc (BioMol).
Statistics. Statistical significance was evaluated using a 2-tailed Student's t test. P < 0.0005 was considered significant. All bar graph data shown represent mean ± SEM.
